The treatment of refractory epilepsy by vagus nerve stimulation (VNS) is a well-established therapy option for patients not suitable for epilepsy surgery and therapy refractory depressions. OBJECTIVE: To analyze surgical and technical complications after implantation of leftsided VNS in patients with therapy-refractory epilepsy and depression. METHODS: One hundred five patients receiving a VNS or VNS-related operations (n = 118) from 1999 to 2008 were investigated retrospectively. RESULTS: At the time of operation, 84 patients were younger than 18 years, with a mean age of 10.5 years. Twenty (19%) patients had technical problems or complications. In 6 (5.7%) patients these problems were caused by the operation. The device was removed in 8 cases. The range of surgically and technically induced complications included electrode fractures, early and late onset of deep wound infections, transient vocal cord palsy, cardiac arrhythmia under test stimulation, electrode malfunction, and posttraumatic dysfunction of the stimulator. CONCLUSION: VNS therapy is combined with a wide spread of possible complications. Technical problems are to be expected, including electrode fracture, dislocation, and generator malfunction. The major complication in younger patients is the electrode fracture, which might be induced by growth during adolescence. Surgically induced complications of VNS implantation are comparably low. Cardiac symptoms and recurrent nerve palsy need to be taken into consideration. T he treatment of refractory epilepsy by vagus nerve stimulation (VNS) is a wellestablished therapy option for patients not suitable for epilepsy surgery and therapyrefractory depressions.
T he treatment of refractory epilepsy by vagus nerve stimulation (VNS) is a wellestablished therapy option for patients not suitable for epilepsy surgery and therapyrefractory depressions. [1] [2] [3] This treatment is approved and efficient, although a predictive value of response to the stimulation is missing. 4, 5 Side effects of VNS are intermittent depending on pulse delivery. Transient symptoms such as hoarseness, dysphagia, cough, or dyspnea have been previously described and are usually well tolerated. [5] [6] [7] [8] [9] There is a lack of reported operative and technical complications. A well-known surgical problem is the postoperative wound infection. [10] [11] [12] [13] Superficial infections may be treated by antibiotics alone 10, 13 ; however, removal of the device is often unavoidable. Moreover, fracture-induced lead malfunction and postoperative vocal cord palsy are to be expected. Rare complications like posttraumatic malfunctions and sudden unexpected death in epilepsy (SUDEP) were observed. The influence of VNS on SUDEP is rarely reported and controversially discussed. 14 Complications and technical problems are reported here.
PATIENTS AND METHODS
Between 1999 and 2008 105 patients had 118 operations with implantation, or related operations of a VNS system (Cyberonics, Houston, Texas) were performed (mean follow up, 4.3 years). All patients underwent investigation for possible cranial resective surgery by an external center. In cases where cranial surgery was not indicated, VNS was recommended.
An analysis of occurring complications was performed retrospectively. The mean age of patients upon the date of implantation was 16.3 years (range, 2-84 years). Eighty-four patients were younger than 18 years (mean age, 10.48 years). Indications for implantation were medically refractory epilepsy and depression. Implantation was performed with the use of general anesthesia. 13, 15 With the exception of 1 patient with persistent status epilepticus and long-term intensive care unit treatment, we did not apply antibiotics before surgery. Skin closure was done by 4-0 absorbable sutures (Vicryl rapid, Ethicon, Germany) and topical skin adhesive (Dermabond, Ethicon, Germany). Dressing was used only in patients who were expected to manipulate the wound.
RESULTS
The overall technical complication rate was 19%; 6 patients (5.7%) had surgery-related complications (Table 1) . Eight generators were exchanged (shortage of battery life, 7.6%). In 2 cases the device was explanted because of the lack of efficacy on epilepsy and stimulation-dependent side effects including hoarseness, torticollis, and sleep disorders.
Ten patients had complications related to hardware failure (9.5%). Six patients requested an exchange of the whole system; one generator and one electrode were replaced. The major technical complication was lead fracture (7.6%). Some of the complications were visible on x-ray (macro lesion), whereas other fractures were only detectable by increased impedances (micro lesion). This hardware failure was observed only in children (mean age, 13.4 years; Table 2 ). In one case a posttraumatic dysfunction of stimulator occurred (0.95%). The patient reported additional painful stimulations from the VNS. The telemetric data confirmed the malfunction of the generator with self-activated magnet stimulations, although the manually inducible stimulation mode was deactivated. One patient reported stimulation-dependent contractions of the sternocleidomastoid muscle. Activations could be detected by electromyography (Figure 1) . The x-ray showed dilated and extended electrode coils, suggesting a dislocation (Figure 2 ). The electrode was exchanged and the symptoms improved.
Complications induced by the operations were deep wound infection or disturbed wound healing in 3.8% and in 2.8% directly after implantation. One late-onset infection occurred 3 years after implantation (0.95%), induced by a far lateral positioned generator with chronic irritation of the scar. Further complications were secondary transient palsy of the left vocal cord in 2 adults ( Figure  3 ). The symptoms decreased within a year. An 84-year-old patient received a VNS in therapy-refractory symptomatic generalized epilepsy due to a gun shot wound to the head. Multiple daily drop attacks with head and brain injuries required nearly weekly hospitalization. Beside topiramat, gabapentin, levetiracetam, and fexofenadine, he had no cardiovascular active medication. Under test stimulation (1 mA) a bradyarrhythmia with a frequency lower than 30 bpm occurred, which was suppressed successfully by atropine injection. Further test simulations with 0.5 and 0.75 mA during implantation had no influence on cardiac frequency. Under VNS the frequency of seizures was suppressed sufficiently.
One death occurred in a 34-year-old male who had received a VNS 2 years earlier. After neuromodulation and persistent oral medication (oxcarbazepine, phenytoin, levetiracetam), the frequency of his therapy-refractory complex partial seizures with secondary generalization were reduced to rare occasions. After a seizure-free period of 4 weeks the patient was found drowned in his bathtub, most likely after a major seizure.
DISCUSSION

Cardiac Symptoms
The implantation of VNS in patients with severe and medically refractory epilepsy is an efficacious alternative to suppress the intensity and frequency of seizures, although the mechanisms of seizure reduction are poorly understood. 16 Moreover, VNS is effective in reducing the severity of depression. 2 By stimulation of afferent vagal fibers, which have widespread central connections, an activation of multiple central nuclei may suppress initiation and propagation of seizures. 9 Implantation of the stimulation system is considered only for the left vagus nerve; however, reasons for stimulation of the left side are not based on scientific evidence. 5, 17 The atrioventricular node is predominately innervated by the left vagus nerve, whereas the sinoatrial node is influenced by the right vagus nerve. [18] [19] [20] [21] Therefore, the left vagus nerve is used for electrode placement to avoid cardiac symptoms. We observed cardiac symptoms only in the 84-year-old patient. He had symptomatic epilepsy after a gunshot wound to the head in the Second World War with multiple drop attacks daily and frequent hospital admittances owing to secondary injuries, indicating VNS therapy despite his age. An intraoperative lead test with 1 mA induced a severe bradycardia, but further stimulation with lower parameters was well tolerated. Postoperatively, cardiac symptoms did not occur under stimulation. Adjustment of 12 Arrhythmias in humans with leftsided VNS are rarely reported, the incidence is 0.1%. 22, 23 In the published cases, the typical ages were between 38 and 84 years at the time of implantation, and only 1 case younger than 18 years was mentioned. 13, 20, [22] [23] This adolescent experienced a symptomatic tachycardia instead of the expected bradycardia. The possible age-dependent influence of the vagal nerve on the cardiac function is not clear, but the neural autonomic function reaches its peak level in adolescence. 25 Further studies need to investigate the predictive factors of cardiac symptoms in VNS therapy, including the influence of ingestion of cardiovascular active medication.
Technical Complications and Hardware Failure
A major complication of VNS is the electrode fracture (7.6%). Some fractures are visible on x-ray (macro lesion), but most lesions are only detectable by an increased impedance measurement (micro lesion). Our data differ from those published by Smyth et al (2.7%), 13 Rychlicki et al (5.5%), 12 and Murphy et al (20.8%), 8 even though the total number (n = 24) Murphy mentioned is not representative. The detected cases with lead fracture (age range, 5-15; mean age, 9.2 years) were similar to our group (mean age, 8.5 years). Murphy et al 8 observed the hardware failure at an average of 2.7 years after implantation; in our group it occurred 4.6 years after first treatment. In many patients it is difficult to define the exact time of electrode fracture. All analyzed cases were children (Table 2) . Special factors inducing the fracture (eg, manipulations, activity) could not be detected, so we suggest that age-dependent growth leads to an additional mechanical load on to the electrode, resulting in kinking of the cable, even though the electrode is positioned in the recommended sigmoidal shape. Moreover, we could not identify a favored location of fracture. A careful placement of the electrode in a sigmoid shape with wide loops is necessary to prevent additional mechanical load. The occurrence of device malfunction after a trauma is a rare complication. To our knowledge posttraumatic self-activations of the magnet-stimulating system have not been published yet. This 36-year-old patient reported severe painful dysesthesia in the left mandibular and cervical region. After deactivation of the magnetstimulating system, the symptoms were not alleviated and the device released further stimulations. It was impossible to suppress this malfunction by adjusting the settings. An x-ray of the device showed no abnormalities. We changed the pulse generator and the symptoms vanished.
Stimulation-dependent sternocleidomastoid muscle spasm is a rare complication as well. 12 Iriarte et al 26 supposed a direct electrical activation of motor fibers supplying the sternocleidomastoid muscle was caused by a high-intensity stimulation of 2 mA. We observed muscle activations 2 years after implantation of the VNS without changed stimulation parameters. The x-ray showed a widened electrode (Figure 2) , suggesting dislocation or scar tissue between nerve and electrode. A determination of the type of lesion is impossible because of the stable seizure frequency, unmodified stimulation parameters, and additional detectable muscular activations by the stimulation (electromyography; Figure 3) . After a period of 2 years neither a dislocation of the electrode nor a direct muscular stimulation seemed to be the major reason for this complication. Extended scar tissue could be seen intraoperatively and identification of the vagus nerve was FIGURE 3 . EMG confirmation of a left-sided inferior (recurrent) laryngeal nerve palsy using electrodes positioned in both vocal cord muscles (Mm. vocales). R, traces from the right vocal cord muscle; L, traces from the left vocal cord muscle. A, spontaneous EMG trace without signs of activity in both muscles. B, during a high-pitched and loud phonation, there is a normal high activity in the right trace and an abnormal reduced activity in the left trace. C, normal activity in the right and an almost equal activity in the left trace is detected during a cough. D, the VNS stimulation results in large activations of the left vocal cord muscle (black arrow marks one artificial stimulation). EMG, electromyographic; VNS, vagus nerve stimulation. 
Surgical Morbidity
Postoperative infections and insufficient wound healing, especially in children with mental retardation who manipulate the wound, are serious complications. 27 In the literature the incidence of infections are reported as 3 to 8%, [11] [12] [13] 15, 28 confirmed by our data (3.8%). Superficial infections may be treated successfully by antibiotic therapy, but deep wound and pocket infections usually require removal of the device. 10, 13 The revision and exchange of electrodes is possible. 13, 29, 30 The preparation of the nerve and vessels in the scar tissue remains difficult. In cases of infection with the necessity of electrode removal, a third operation weeks later, after infection and wound treatment, may be further complicated by cicatrization with a high risk of vessel or nerve injury. Electrode replacement proximal to the first placement is an alternative, but in some young children it is not possible. Whether right-sided VNS implantation is indicated is still a matter of debate. 17, 31 Otolaryngologic or phoniatric complications after anterior approaches to the cervical spine are known phenomena. 32 Permanent vocal cord immobility, secondary to recurrent laryngeal nerve palsy, was reported with an incidence between 0.15% and 3.5% in spinal surgery. 33, 34 Hoarseness in patients with VNS is a common and well described side effect. [35] [36] [37] It was presumed to be a direct result of stimulation via both the superior and the inferior (recurrent) laryngeal nerves. 38 We observed a stimulationindependent recurrent palsy of the laryngeal nerve most likely caused by damage to the neural structure by placement of the electrode in 2 cases (Table 1) . It is a rarely observed complication (1.4-2.7%).
12, 13 Shaffer et al 38 attributed this effect, most likely, to chronic nerve stimulation in cases with onset of hoarseness weeks or months after implantation. The direct occurrence of the symptoms in our cases suggests a mechanical effect of the implantation procedure. Owing to the anatomic situation, a direct lesion of the superior laryngeal nerve is unusual. The most likely cause for postoperative hoarseness seems to be a damage of fibers of the laryngeal nerve or of the vagus nerve. Zalvan et al 39 observed, in 2 of 4 patients, a vocal cord paralysis as an operative effect caused by manipulations during electrode placement. The other 2 patients experienced reduced vocal cord mobility attributed to the intermittent stimulation. Mechanical load induced vocal cord palsy, which was self-induced by rotation of the generator in 2 cases. 40 In our series, both patients who experienced vocal cord paralysis were adults, whereas children had no voice alterations, suggesting that this side effect may be age dependent. We did not investigate treated patients for possible vocal cord palsy systematically.
Similar to posttraumatic device malfunction, deaths under VNS therapy are rare events. The incidence of SUDEP is estimated at approximately 0.1%. 41 The influence of VNS on SUDEP is discussed controversially.
14,42
CONCLUSIONS
A wide spread of possible complications is to be expected in VNS surgery. The risk of complications induced by the operation is comparably low. The neuromodulation therapy is combined with different technical problems including electrode fracture, dislocation, and generator malfunction. A major complication in children is the electrode fracture, induced most likely by growth during adolescence, and should be avoided by careful placement of the electrode in a wide sigmoid shape. The operative replacement of helical electrodes in children is possible but technically difficult. Therefore, efficacy of right-sided VNS should be investigated.
